have been employed in several applications. In this paper, the piezoelectric actuator is discretized and its hysteresis function is studied, then a digital sliding mode controller is designed. Furthermore, a perturbation estimation technique is applied and an observer is no longer needed. In addition, simulations are performed also using the traditional PID controller in order to validate the proposed controller scheme performance.
Introduction
Piezoelectric actuators have become popular due to its capability to perform an extreme small displacement, ranging from microns to nanometer. This is an important characteristic, since many devices and applications require sub-micron or nanometer resolution, such as, microscopes [1]-
[6], positioning stages [7]- [9] , microgrippers [10] - [14] . However, due to the ferroelectric properties of the piezoelectric materials, these actu-ators show hysteresis behavior when a voltage is applied [15] . Since hysteresis is a nonlinear phenomenon, this causes inaccuracy and unsatisfactory tracking performance when a high precision is required. Therefore, development of a controller that can suppress nonlinear behavior is essential.
A piezoelectric actuator model can be described as an electromechanical system, where the electrical system is composed of nonlinear and linear functions, and mechanical system is a mass-spring-damper system. However, a control scheme is not given in [16] . Several authors propose a hysteresis model, for example, Preisach model [17] , Maxwell model [18] , Prandtl-Ishlinskii model [19] , Bouc-Wen model [20] , and Duhem model [21] . In these studies, the hysteresis model has an ellipsoidal shape or trapezoidal shape. In addition, in [22] the hysteresis function is described as a fourdimensional chaotic system and its circuit implementation is designed in [23] .
In order to attenuate hysteresis, charge ampliers were designed. However a control scheme is still needed [16] . Development of control system for piezoelectric actuators has attracted attention due to their dynamic complexity. Recently, dierent kinds of control schemes were proposed, such as, backstepping control [14] , adaptive con-492 c 2019 Journal of Advanced Engineering and Computation (JAEC) VOLUME: 3 | ISSUE: 3 | 2019 | September trol [24, 25] , robust control [26] , iterative learning control [27] , or combinations between these control schemes. Sliding mode controller has several advantages such as, simplied control scheme, external disturbance rejection and a low sensitivity to plant parameter uncertainty [28] .
For implementation of sliding mode control, full state feedback is required. However in most of cases we have only the position data. So, a development of state observer is indispensable.
To deploy SMC on a sampled data system, discrete-time SMC (DSMC) is more interesting and attractive [31] - [33] . In general, DSMC can be classied into state-based and output-based approach. The development of former based on system status or status error [33] - [35] , meanwhile this is done on the basic system or an output error system [36, 37] . Generally, the process of putting a plan into both methods requiring feedback of system state. However, in the greater number of practical situations, the location information of a piezoelectric actuator system gave that displacement sensor. Therefore, a state observer is indispensable to implement the practical DSMC [33] , [35] - [37] , in which complicates the control design procedures. Moreover, the cause of instability of system is lack of stability for designed observer state. In this case, it is desirable to eliminate clearly the use of the state observer. However, the works are limited to make toward this issue. In the document of in the previous work, an input-output built an adaptive DSMC has been proposed [38, 39] , based solely on input and output data. [15, 16, 30] .
This paper focuses on to apply a control scheme for a trajectory tracking of a piezoelectric bimorph actuator. In section II, the electromechanical system is discretized with a xed time step and hysteresis function is studied.
Then in section III, a perturbation estimation technique is applied to estimate external disturbances and hysteresis. After nishing the previous steps, a discrete sliding mode controller is proposed and applied. In section IV, a PID controller is also designed and compared with the proposed discrete sliding mode controller. Finally, in section V, we have the conclusion of this paper.
DYNAMICS AND

HYSTERESIS MODEL
Plant Model
The piezoelectric bimorph actuator studied in this paper is illustrated in Fig. 1 . When a voltage u is applied to a piezoelectric actuator, a force F is generated and the resultant displacement is given by x. The equation that describes the motion of a piezoelectric bimorph actuator is described as [29, 30] 
where t represents the time variable, parameters M, B and K, and x are the mass, damping coecient, stiness, and displacement of the actuator, respectively. D is the piezoelectric coefcient and u is the input voltage.
Remark 1. To be more information, Fig. 2 .
describes the overall electromechanical model of piezoelectric actuator. An equally accurate model was chosen for the piezo-phase due to be simply of implementation and accuracy to estimating the actual behavior of these actuators.
The piezo-stage includes in a piezo-drive with a bending guided structure designed to have zero friction and friction. Additionally, the bending stages exhibit high rigidity or stiness, high load capacity and insensitiveness to shock and vibration [15, 16] .
The eects of hysteresis separated piezoelectric eects. H shows the hysteresis eect and the voltage is u h due to this eect. The piezoelectric eect is regarded as T em is an electromechanical converter with transformer proportion. Capacitance C points out the total power of individual piezoelectric wafers that are electrically in parallel to each other. Furthermore,q represents the total current owing through the circuit. Specially, q can be the total charge in the piezoelectric actuator. The charge q p presents the probe charge from the mechanical side. The voltage u p is due to piezo eect. The total voltage on the piezoelectric actuator is u peo , F p is the force converted from the electrical side. The elongation of the piezoelectric actuator is denoted as x = ∆L. The mechanical relationship between F p and x is indicated by m. Note that we have equal electrical and mechanical energy at the interaction gates, i.e. u p q p = F p x [15] .
In electromechanical model of piezoelectric actuator, P (t) is the perturbation term, including hysteresis eect, external disturbances, and noise. When the input voltage u = 0, no hysteresis will aect the piezoelectric actuator. In order to discretize the previous equation, both
where m = 1, b = B/m, k = K/M, d = D/M , and p(t) = P (t)/M. For discretization, the Euler backward dierence is adopteḋ
(3) where k represents the kth time step. Therefore, substituting the equations (3), (4) into equation
(2), we have the equivalent discrete time dynamics equation [30] mx
Remark 2. To get more accuracy in the hysteresis model, the classic Preisach model was modied by adding a parallel term as shown in has some eects as following [18] - [20] , [40, 41] :
-To ll the predicted hysteresis loop to reduce the errors with the measured loop;
-To pose the splitting phenomenon between minor and major loops. - [20] , [40, 41] .
Proposed Preisach model can be modied to upgrade the mathematical model of piezoelectric bimorph actuator to control the system.
The denition of the hysteresis eect is dynamic, nonlinear system and independent of ratio. So, we mean independent of the time scale in terms of rate-independence. In [40, 41] , the eect of a combination of basic elements is modeled. Therefore, the great number of parameters is relatively large in this model. Moreover, a model is not appropriate to proposed controller design. Consequently, in [42] , a dierential equation with only three parameters is used as application as a hysteresis model and a dierential equation is also more appealing when we want to apply the model as a basis scheme for controller design.
In this part, we consider this equation in more detail. However, in [42] , a much broad discussion can be search.
The hysteresis loop is a denition as a static loop in the input / output plane for a semistatic monotonic oscillating input such as low sinusoidal frequency.
The equation is proposed in [43] that considers rst-order dierential equation. It was developed to describe the magnetic hysteresis, but in [42] it has been experimentally veried that this dierential equation is also suitable to describe the electrical delay as in the piezoelectric actuator. The model for the hysteresis eect between u h and q is given by [15] :
where f (u h (t)) and g(u h (t)) are functions with which you can shape the hysteresis loop.
Therefore, we can have:
Where a and b are constants. So, the equation becomes:
The hysteresis function shows in mathematical model of piezoelectric bimorph actuator in continuous time in Fig. 3 Elmali [29] is used.
It is necessary note that the backward dif- The perturbation estimation error can be further expressed as:
Hysteresis Eect
The hysteresis eect is represented inside the electromechanical model as shown in Fig.  3 and can be described as a dynamic, rateindependent, and nonlinear [15] . In [16] , a dierential equation with three parameters and two variables is adopted to model the hysteresis effect. This equation and its discrete form are given bẏ
where α, a and b are parameters.
In [15] , it represents the method to nd parameters by realistic hysteresis loop. Based on the experiment, it can nd out a and b from center points and average slopes, the parameter α can then be experimentally determined from hysteresis areas. By varying these parameters, dierent shapes of hysteresis can be obtained in 
DIGITAL SLIDING
MODE CONTROL
Substituting the equation (9) into the discrete plant model (10), we have
The position error is dened as e(kT ) = x(kT )− x d (kT ), where x d (kT ) is the desired trajectory.
A proportional-integral sliding surface is dened as, s(kT ) = λ P e(kT ) + λ I ε(kT ) (15) where ε(kT ) = e(kT ) + ε(kT − T ) is the integral error, λ P and λ I are proportional and integral gains. In this paper, the following reaching law is adopted,
Considering that the equivalent control u(kT )
is the solution to (19) , the following deductions hold:
Then, inserting (14) into equation (17) 
where λ A = λ P + λ I .
The equivalent control (19) 
Control input is given by
where λ s is a constant control gain and sgn(·) represents the sign function. If λ s ≥ |p(kT )|, then the DSMC will occur with a quasi-sliding domain (QSD). The proof can found in [30] .
However, when the actuator is operated under higher frequencies, it can decrease system performance. In electrical circuits, chattering phenomena can cause heating losses, degrading electronics components. In mechanical system, it may lead to high wears of moving mechanical parts. In this paper, a saturation function is adopted in order to attenuate the chattering effect. The saturation function is given by,
Remark 3. The chattering phenomenon is highly undesirable because it may excite high frequency unmodelled plant dynamics. There are some approaches to reduce the chattering.
The rst, the discontinuous function
in the control input (21) is replaced by a continuous approximation such as sat(kT ). This method cannot guarantee asymptotic stability but ultimate boundedness of system trajectories to within a neighborhood of the origin.
SIMULATION
RESULTS
The plant parameters are shown in Table 1 . In this paper, a sampling time T is chosen as 0.004s.
So, the discrete plant parameters (5) are calculate using this value. In addition, for comparative study, the traditional PID is also implemented. The control input is given by, u P ID (k) = u P ID (k − 1) + K p e p (k)
where u P ID (k − 1) is the control input in the previous time step, K p , K i , and K d are proportional, integral, derivative gains, respectively, and the proportional, integral and derivative errors are given by, e p (k) = e(k) − e(k − 1) e i (k) = e(k) (24) e d (k) = e(k) − 2e(k − 1) + e(k − 2)
Besides tracking performance analysis, we also calculate the percent maximum error (MAXE) 
× 100% (25) RM SE% [6] Acosta, J.C., Polesel-Maris, J., Thoyer, F., Xie, H., Haliyo, S. and Régnier, S., 2013.
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